Epidemiological studies assessing general and abdominal obesity measures or their combination for mortality prediction have shown inconsistent results. We aimed to systematically review the associations of body mass index (BMI), waist-to-hip ratio (WHR), waist circumference (WC) and waist-to-height ratio (WHtR) with all-cause mortality in prospective cohort studies. In this systematic review, which includes a meta-regression analysis, we analysed the associations with all-cause mortality of BMI, WHR, WC and WHtR in prospective cohort studies available in Medline, Embase, the Cochrane Database of Systematic Reviews and Esbiobase from inception through 7 May 2010. A total of 18 studies met the inclusion criteria, comprising 689 465 participants and 48 421 deaths during 5-24 years of follow-up. The studies were heterogeneous, mainly due to differences in categorization of anthropometric parameters (AP) and different approaches to statistical analysis. Both general and abdominal obesity measures were significantly associated with mortality. In analyses using categorical variables, BMI and WC showed predominantly U-or J-shaped associations with mortality, whereas WHR and WHtR demonstrated positive relationships with mortality. All measures showed similar risk patterns for upper quantiles in comparison to reference quantiles. The parameters of general and abdominal obesity each remained significantly associated with mortality when adjusted for the other. This evidence suggests that abdominal obesity measures such as WC or WHR, show information independent to measures of general obesity and should be used in clinical practice, in addition to BMI, to assess obesity-related mortality in adults.
INTRODUCTION
Obesity is a major public health concern worldwide. 1 According to a recent estimate, there are 1.46 billion overweight adults (body mass index (BMI) X25 kg/m 2 ) and 503 million of them are obese (BMI X30 kg/m 2 ). 2 As obesity is a major risk factor for chronic diseases and mortality, 1, [3] [4] [5] accurate and simple measures are essential to refine the descriptive and analytical epidemiology of this condition. BMI, which has been shown to be associated with mortality in large meta-and pooled analyses, [6] [7] [8] [9] is widely used as the current standard measure of obesity in clinical practice. However, BMI does not discriminate between fat and lean mass. Nor does it address body fat distribution. 10, 11 Recently, abdominal obesity and fat mass were shown to be associated with cardiovascular morbidity and mortality. 5, 11, 12 Abdominal obesity measures such as waist circumference (WC) and waist-to-hip ratio (WHR) were shown to more accurately measure body fat distribution. 11 Both WC and WHR are closely related to adverse metabolic profiles and their resulting diseases and both are independent predictors of mortality. [13] [14] [15] [16] [17] Some have argued that WC, WHR and the recently proposed waist-to-height ratio (WHtR) may be more precise than BMI in assessing obesity-related health burden, including total mortality, risk of type 2 diabetes and cardiovascular disease. 5, [18] [19] [20] However, a recent meta-analysis of individual data showed that BMI and abdominal parameters had similar strengths of association with cardiovascular disease risk. 21 For all-cause mortality, large observational studies reported controversial results whether abdominal adiposity measures are more strongly predictive of mortality than BMI. 12, 19, [22] [23] [24] [25] [26] [27] Therefore, the objective of this review was to systematically compare the associations of both single and combined anthropometric parameters (APs) of obesity with all-cause mortality. Whereas former systematic reviews on this topic have mostly been limited to specific diseases, we focused on population-based cohorts to increase generalizability. As body distribution is likely to be a relevant factor in the obesity-mortality relationship, 16, 28 we systematically reviewed combined effects of two APs on mortality to broaden current knowledge and literature. To achieve this, we analysed and compared cohort studies investigating BMI and at least one abdominal obesity measure, such as WC, WHR or WHtR. 1 
METHODS

Data sources and searches
We searched Medline, Embase, the Cochrane Database of Systematic Reviews and Esbiobase from inception through 7 May 2010 (search strategy: Supplementary Table 1) . References from all relevant articles were hand-searched to identify additional relevant studies. We performed our systematic review according to the MOOSE reporting guidelines. 29 
Study selection
Two reviewers (SC and MHF) independently analysed citations at the levels of title, abstract and full text. We included both (i) prospective cohort studies and observational follow-up studies of non-intervention groups of community-based randomised controlled trials, which analysed (ii) allcause mortality as an outcome, (iii) reported BMI and at least one abdominal AP (WC, WHR or WHtR) as exposure variables at baseline, (iv) had a sample size of at least 4000 participants, (v) a follow-up of at least 3 years and (vi) participants with a baseline age of at least 18 years. We excluded articles examining pregnant women, terminally ill or frail patients, groups with specific diseases or residents in nursing homes. Due to differences in the AP-mortality relationships between the various ethnic groups in both general and abdominal obesity parameters, [30] [31] [32] we excluded studies with o75% Caucasian participants in order to reduce complexity of the analyses. We also excluded cross-sectional analyses, case reports, comments, letters, reviews and study samples that combined analyses with another risk factor of mortality. For each cohort study, we selected the publication with the longest follow-up. We calculated reviewer agreement on citation selection on the abstract and full-text levels using kappa statistics. 33 Data extraction and quality assessment For each article, we determined the study design; year of publication; country; study population; inclusion and exclusion criteria; assessment methods for the AP and outcome; follow-up time; number and percentage of patients lost to follow-up; methods used for statistical analysis, including whether AP was analysed as a categorical or continuous variable, and whether participants with early mortality were excluded. We extracted total numbers of participants, deaths and person-years for the total population and for each category of AP (if available); sex and age range; and relative risk (RR) measures, such as hazard ratios or RRs. For simplicity and ease of presentation, hazard ratios will also be referred to as RR. We also show 95% confidence intervals (CIs) for risk categories within each AP (if analysed categorically), or for each AP as a whole (if analysed continuously). Some studies provided cross-classifications of two APs, stratifying their sample into predefined or population-based quantiles of BMI and these into quantiles of WC or WHR. These cross-classifications are used to describe different body configuration (for example, low BMI and high WC). We collected all variables for which RRs were adjusted. If multiple statistical models were provided, we used the model with the highest degree of adjustment. We differentiated between multivariate models with and without adjustment for another AP, and included both models in the analysis, if available. All results are based on a 5% significance level.
Two reviewers independently assessed the methodological quality of reporting of all included articles (SC and MHF) using the checklist provided by Downs and Black 34 modified by the STROBE criteria. 35 We excluded publications with o12 out of 20 (60%) questions answered positively. This is a commonly used cutoff for assessing methodological quality. 36 
Data synthesis and analysis
We show the results of individual studies in the tables. To assess publication bias, we transformed category-specific RR into estimates of the total RR using the generalized least-squares for trend estimation method. 37 For these calculations, we assumed a linear relationship between the natural logarithm of risk ratio and increasing AP. Because relationships between logRR and AP are not necessarily linear, we initially looked at quadratic relationships, which could allow, for example, for J-shaped associations. Using model reduction strategies in order to obtain a parsimonious model lead to the linear relationship to fulfil the above named assumption. We also assessed publication bias using the regression method by Egger 38 with estimated regression coefficients and corresponding standard errors.
We calculated summary RR estimates and 95% CIs using maximumlikelihood methods based on linear mixed models, with the log of RR as dependent variable. Our meta-regression aims to relate effect size to one or more characteristics of the studies involved. It uses study-specific covariates and must be distinguished from regression analyses where individual data on outcomes and covariates are available. One purpose of meta-regression is to explain heterogeneity between studies using studyspecific covariates. In practice, linear mixed effects models are often used for analysis in order to allow for variability between studies. We performed meta-regressions for every AP, using them as a covariate, including a quadratic term in order to allow for possible nonlinear associations. In order to estimate association strength in meta-regressions, we included only studies reporting information on several categories of AP. We standardized covariates for ease of interpretation with BMI at 24.9 kg/m 2 , and WC and WHR at the 50th percentile of participants in the EPIC cohort 39 (WC: 80 cm for females, 95 cm for males; WHR: 0.8 for females, 0.95 for males). This large, population-based cohort allows us to compare relative mortality risks to the mean of a representative European sample. As this is a meta-regression, the mean BMI was chosen in order to centre the covariate BMI. Doing so, leaves an unbiased estimate and interpretation of the regression's model intercept. We used a zero intercept model in which the standardized covariate, a BMI of 24.9 kg/m 2 , for example, corresponds to a RR of one. We based these regressions on mixed effects models to account for the correlation between different levels of AP. In order to obtain parsimonious models, we evaluated and selected models using the likelihood-ratio test and Bayesian information criterion. The complexity of data, including the variety of statistical analyses, prevented presentation of forest plots. All statistical analyses were conducted with the statistical package SAS version 9.2 (SAS Institute, Cary, NC) using a two-sided significance level of 0.05.
RESULTS
Out of 2575 citations from four databases, we identified 18 studies meeting the inclusion criteria in a systematic literature search ( Figure 1 ). Reviewer agreement on selection of abstracts for fulltext evaluation was 68% (k ¼ 0.58, Po0.001) and for inclusion of articles in the final review was 94% (k ¼ 0.80, Po0.001). All studies passed the predefined cutoff of at least 60% of the reporting quality criteria (Supplementary Table 2 ). Performing the regression method by Egger, the estimated regression coefficient for BMI was À 3.98 (P ¼ 0.246), 0.39 (P ¼ 0.80) for WC and 2.15 (P ¼ 0.249) for WHR. Thus, we found no statistically significant publication bias.
Description of included studies Table 1 summarizes the 18 studies, including a total of 693 739 participants and follow-up times between 5 and 24 years. Of these, 13 studies were population-based prospective cohort studies, 10, 16, 19, [24] [25] [26] [27] [40] [41] [42] [43] [44] [45] 3 were follow-ups of the non-intervention group of community-based randomized controlled trials, [46] [47] [48] and 2 studies reported pooled analyses of multiple cohort studies. 12, 49 Four publications reported complementary data from two different cohorts (Rotterdam-Cohort 42, 43 and Nurses Health Study 41, 44 ). Two studies provided only data stratified by smoking status 42, 47 and one study was limited to stratified data by age. 26 We only included these studies in subgroup analyses, thus leaving 15 studies (14 cohorts) for the main analyses. 10, 12, 16, 19, 24, 25, 27, 40, 41, [43] [44] [45] [46] 48, 49 The studies reported higher correlations between BMI and WC (Pearson correlation coefficient r, range 0.77-0.80) 12, 26 and between BMI and WHtR (range 0.81-0.90) 12, 40 than between BMI and WHR (range 0.31-0.55). 12, 16 Associations of APs with all-cause mortality: qualitative analysis We distinguished between analyses with and without adjustment for a second AP. Studies in our main analysis (n ¼ 15) chose various statistical approaches to assess the AP-mortality relationship. Nine studies analysed APs as categorical variables (Table 2) , four as continuous variables 10, 25, 45, 49 and two used both approaches 12, 44 (Supplementary Table 3 ). Category cutoffs, including the reference category of AP, differed substantially between studies (Table 2) .
Models without adjustment for a second AP All studies that analysed BMI as a categorical variable showed a U-shape association with mortality. 16, 19, 24, 27, 40, 41, 43, 44, 46, 48 In comparison to the individual reference category (Table 2 ) of each study, high BMI categories were significantly associated with higher mortality in four studies 16, 27, 40, 41 and showed no significant association in five studies. 19, 24, 43, 46, 48 Within studies analysing participants' AP as continuous variables (Supplementary Table 3) , there was no significant association of BMI with mortality in three studies 12, 25, 49 or the male group of the fourth study. Within the female group, there was a significant positive relationship. 10 One study showed significantly decreased mortality risk with increasing BMI. 45 WHR had significant positive association with all-cause mortality in both categorical and continuous analyses. 10, 16, 19, 24, 25, 44, 48, 49 As an exception, a male subpopulation 10 and the Health Professional Follow-up Study showed insignificant positive correlation after multivariate adjustment. 27 WC demonstrated a significant positive association with mortality in two studies 44, 49 and two female subgroups 10, 25 analysing WC as a continuous variable and showed a J-shaped association when analysed as a categorical variable. 16, 24, 27, 40, 44 However, the WC-mortality relationship was not significant in four studies and in two gender-specific subgroups for both categorical and continuous analyses of AP 10, 12, 19, 25, 43, 46 and was negative in one study 45 ( Table 2, Supplementary Table 3) . WHtR was analysed for mortality relationship in four studies. 12, 25, 40, 49 Of these, three studies and the female group of the fourth study demonstrated a monotonic positive association between WHtR and mortality, 12, 25, 40, 49 whereas the male group of the fourth study showed a nonsignificant positive tendency 25 ( 44 Predominantly, these results showed either no significant or a significant lower mortality risk per s.d. increase of BMI, whereas abdominal parameters were associated with a significant increased mortality risk per s.d. increase (Supplementary Table 3 ). However, one female subgroup reported a significant positive association with mortality for BMI, 10 so generalization of these results is limited. Furthermore, with WC as the abdominal AP, one study 45 reported a significant negative association and two male subgroups 10, 25 showed no significant association with mortality. In addition, the males of the NFPS cohort showed no significant association between WHtR and mortality. 25 Two other studies compared the predictive values for all-cause mortality. They performed receiver operating curve (ROC) analyses and calculated respective areas under the ROC curve (AUC) for prediction of all-cause mortality. 12, 25 Both reported significantly better discrimination for abdominal obesity parameters compared with BMI. There was no significant difference between WHtR, WC and WHR in the AUC 12, 25 (Supplementary Table 3 ). The seven studies analysing AP as categorical variables grouped their samples into quantiles by AP for both BMI and abdominal AP. 12, 19, 24, 40, 42, 46, 47 However, two of them reported only data stratified by smoking status 42, 47 and one adjusted for another AP. 12 Thus, we used the remaining four studies to compare mortality risks in each AP quintile. 19, 24, 40, 46 In these, the fifth quintile of the abdominal obesity parameter predominantly showed significant increased mortality risk compared with the individual reference category, 19, 24, 40 whereas BMI showed no significant difference between the fifth quintile and the reference category 19, 24, 46 (Table 2 ). However, there was little difference between the RR estimates of the fifth quintile and the reference of any APs.
To summarize, models without adjustment for a second AP showed heterogeneous results, especially for BMI and WC when analysed as categorical or continuous variables. However, they reported similar values for the RR estimates in higher categories of AP and elevation of risk per s.d. increase of AP.
Combined associations of two APs with mortality To describe combined associations of two AP with mortality, (i) six studies adjusted their risk estimates to include another AP (Table 3a) by controlling for BMI in abdominal obesity measures and vice versa and (ii) five studies analysed interaction of BMI and abdominal AP on mortality by cross-classification of BMI with WC or WHR, respectively (Table 3b ). In studies using the first approach, and reporting higher mortality risks for high BMI without controlling for a second AP, values decreased after adjusting for abdominal obesity. 12, 45 In contrast, WC, WHR and WHtR showed a significant increase in association with mortality when adjusted for BMI. 12, 16, 19, 44, 45, 48 Studies providing both WC and WHR quintiles, adjusted for BMI, showed similar RRs for each abdominal obesity parameter. 12, 16, 44 In cross-classification analysis for all age groups, the highest relative mortality risks were shown for the combination of low BMI with large WC or WHR. 16, 19 In studies not undertaking agestratification, participants with normal BMI and high WC or WHR had a significantly increased risk compared with participants of the reference category, but were not those at highest risk. 16, 19 They had even a lower or equal mortality risk compared with those participants with high BMI and high WC or WHR. Participants in the middle or upper third of BMI values with a small WC or WHR had the lowest relative mortality risk. Two cohorts analysed either older participants (X65 years old) 45 or stratified the cohort according to age (cutoff at 65 years) before performing the cross-classification. 26 As for age o65 years, participants in the lowest BMI category and a high WHR had the highest mortality risk. 26 The lowest mortality risk in younger people had the group with normal BMI and low WHR. In older participants, the highest death rate was seen for participants with a normal-to-moderately elevated BMI and a low-to-moderately high WC. 26, 45 In summary, the combination of BMI with one abdominal parameter improved the prediction of mortality based on RR (Tables 3a and b) . However, as categorization varied between the studies, the comparability of these results is limited. 16, 19, 26, 45 Meta-regression analyses We performed meta-regression analysis on the nine cohorts that provided both RR and 95% CIs and defined category boundaries for each AP. 16, 19, 24, 26, 27, 41, 43, 44, 46, 48 We chose random effects models to calculate effects in pooled data. The between-study variance shows heterogeneity between the studies (t ¼ 0.04 for BMI, t ¼ 0.04 for WHR and t ¼ 0.03 for WC, Table 4 ). BMI and WC showed a U-or J-shaped positive association with mortality, whereas WHR demonstrated a nearly monotonic-positive association ( Figure 2) 
Stratified analyses
We conducted separate analyses of studies, stratifying by age, gender and/or smoking status to address the heterogeneity of study results. However, we did not analyse WHtR this way, as only one study investigating WHtR provided stratified analyses. 40 Six studies analysed the AP-mortality relationships by age groups (o65 and X65 years old). 16, 26, 27, 41, [44] [45] [46] However, because the EPIC cohort adjusted WHR and WC for BMI in its stratified analyses, we considered only analyses of BMI from this cohort for our stratified analyses. Qualitatively, in younger participants (o65 years old), BMI, WC and WHR showed significant positive association with mortality in three of four cohorts. 16, 26, 27, 41, 44 Reis and colleagues reported a marginal significant positive association of WHR with mortality, but found no significant relationship with mortality for BMI or WC. 26 In older persons (X 65 years), four 26, 27, 45, 46 of five studies 16, 26, 27, 45, 46 reported either a negative or statistically insignificant relationships for BMI, WC and All shown RR were multivariate adjusted with additional controls for BMI in the case of abdominal obesity parameters, and for abdominal obesity parameters in the case of BMI.
Anthropometric parameters and mortality S Carmienke et al WHR with mortality (Supplementary Table 5 ). Only the EPIC cohort reported significantly increased mortality associated with a high BMI in older adults. 16 Quantitatively, a meta-regression analysis of five qualifying cohorts 16, 26, 27, 41, 44, 46 showed no significant age effect on the BMI-mortality relationship (RR: 0.99 (95% CI: 0.94-1.03)). The relative mortality risk for both WC (RR: 0.77 (95% CI: 0.65-0.90)) and WHR (RR: 0.47 (95% CI: 0.35-0.63)) was lower in older than in younger people.
In both sexes, BMI, WHR and WC exhibited similar patterns of association with mortality. 10, 16, 19, [24] [25] [26] [27] 40, 41, [44] [45] [46] 48 A meta-regression analysis of eight qualifying cohorts showed no statistically significant difference in the AP-mortality relationship between males and females (Supplementary Table 4) . 16, 19, 24, 26, 27, 41, 44, 46, 48 Qualitative analyses, stratified by smoking status, showed heterogeneous results (Supplementary Table 6) . 16, 24, 41, 42, 44, 46, 47 In one 16 of four cohorts analysing current smokers, 16, 24, 42, 47 the relative mortality risk associated with a high BMI as compared with reference BMI category was significantly higher among people who had never smoked than among current smokers. But this was not the case in other study samples. All studies 16, 24, 42, 47 investigating current smokers reported the highest RR for current smokers with low BMI compared with the reference category, although this was only significant in one study 16 and a male subcohort. 24 For abdominal AP, studies reported heterogeneous associations with mortality in never smokers and current smokers. 42, 46, 47 
DISCUSSION
This systematic review analyzes and compares the associations of general and abdominal obesity measures with all-cause mortality for adults of all ages. The difference between the associations of BMI, WC, WHR and WHtR with total mortality was minor and may not be clinically relevant. No single AP was shown to be clearly superior to the others.
Comparison with current literature Although other joint efforts such as the Prospective Studies Collaboration and the National Cancer Institute Cohort Consortium 6, 9 were limited to the associations of mortality risk with BMI only, this systematic review additionally investigated abdominal obesity. Contrarily to our findings, Seidell et al. 23 concluded in a previous non-systematic review that WC and WHR may be better predictors of all-cause mortality compared with BMI on the basis of a narrative approach. In addition, Czernichow et al. 17 reported in a recent meta-analysis of individual-participant data of nine British cohort studies a more consistent association for WC and WHR with total mortality, whereas BMI showed a J-shaped association in multivariate analyses. However, in their subanalysis of the AUC and the relative integrated discrimination improvement no major differences in predictive values for mortality between BMI, WC and WHR were shown, 17 which corresponds to our results.
Other systematic reviews investigated the AP relationship with cardiovascular outcomes. The Emerging Risk Factors Collaboration showed similar strengths of association for general and abdominal obesity parameters for cardiovascular disease. 21 Although systematic reviews on outcomes such as hypertension, dyslipidemia or diabetes detected modestly higher relative cardiovascular morbidity risks for WC, WHR and WHtR than for BMI, the difference was either not statistically significant 50, 51 or did not seem clinically relevant. 52 Different statistical approaches for analysing mortality prediction Contradictory conclusions across different studies and reviews could be attributed to heterogeneity in chosen (i) study population, (ii) statistical analysis and (iii) measurement of AP Table 3b . These results were present graphically in a figure.
Anthropometric parameters and mortality S Carmienke et al (refer to section limitations). The studies included in our review analysed APs either (i) as continuous variables (Supplementary  Table 3) , 10, 12, 25, 44, 45, 49 or (ii) via ROC analyses 12, 25 or (iii) by categorizing APs by their distribution within the study sample. 19, 24, 40, 46 For approaches (i) and (ii), studies tended to confirm a better mortality prediction for abdominal AP than for BMI. However, for (i), all selected studies 10, 12, 25, 44, 45, 49 included BMI as a linear variable in their continuous model. This approach assumes a linear association between abdominal obesity parameters and mortality, but does not take nonlinear (for example, U-shaped) associations into account. The ROC analysis methods of (ii) do not consider the generally low-risk distribution of population-based cohorts. 53, 54 Regardless, the AUC differences found might be too small to be clinically relevant. Therefore, we treated results of both statistical approaches (i and ii) with caution. Only four studies provided data for the third approach (iii). All four reported comparable positive relative mortality risks for WHR, WC and WHtR in the highest quantile, but only one of them 40 for BMI. 19, 24, 40, 46 However, the differences in relative mortality risks between abdominal AP and BMI seemed to be minor, with BMI results just narrowly missing significance. This indicates that the difference between BMI and abdominal AP may not be clinically relevant. Although here, it should be noted that our study was not designed to identify optimal BMI or other AP values associated with the lowest mortality risk.
Combined associations of different APs
We evaluated the impact of the association with total mortality risk for two APs combined. All eligible studies reported that, when adjusted for abdominal obesity, BMI showed either a significant negative 19, 45, 48 or an insignificant association 12 with all-cause mortality, whereas WHR, 12, 16, 19, 44, 48 WC 12, 16, 44, 45 and WHtR 12, 44 showed a significant positive association with mortality when controlled for BMI. This may indicate that combining abdominal obesity measures with BMI may more accurately assess obesityrelated mortality risk. A recently published Canadian study confirmed this interpretation. 55 Interaction between BMI and abdominal AP with mortality risk was analysed by several studies performing cross-classification of BMI quantiles and quantiles of WC or WHR, respectively. The highest risk was shown for participants in the lowest BMI category having a median-to-large WC or WHR. 16, 19, 26, 45 Combination of BMI and an abdominal AP may provide insight into risk-types of body fat distribution for research and clinical practice. However, evidence is limited by inconsistent classification of examined APs and too few studies investigating the correlation of combined APs with mortality risk. Clearly, further research on the relationship between multiple APs and obesity-related mortality risk is needed.
Age
We performed a meta-regression analysis to quantify the effect of age on the association between AP and mortality. As only three of the studies selected provided stratified analyses adjusted for a second AP, we restricted the meta-regression analysis to studies without relative mortality risk control for a second AP. We detected no significant age effect on the BMI-mortality relationship in our meta-regression analysis comparing older (X65 years) Anthropometric parameters and mortality S Carmienke et al to younger adults (o65 years). Other studies, which only assessed BMI for mortality prediction, and a recent systematic review by Chang et al., showed a lower relative mortality risk for high BMI in older adults compared with younger adults. 28, [56] [57] [58] In our qualitative analysis, we detected either nonsignificant or significant negative mortality relationships for BMI, WC and WHR in all 16, 26, 27, 45, 46 except one 16 studies investigating older adults. Contrarily to these studies and our results, a recent systematic review by Donini et al. 59 reported a higher mortality risk for higher BMI levels in older adults (X65 years old). The authors considered WC as potentially equal to BMI for mortality risk prediction with a tendency to prefer WC over BMI for higher grades of obesity in older age. However, in agreement with Donini et al., our results showed a higher mortality risk for older adults with low BMI. For abdominal obesity parameters, in our meta-regression analyses, the relative mortality risk associated with WC or WHR was lower in older (X65 years old) than younger adults (o65 years old). Chang et al. argued that inconsistent conclusion in literature about AP-mortality associations may be due to, among other factors, different methods of categorization. 28 There are several possible explanations for differing associations of obesity with mortality between younger and older adults. Undiagnosed subclinical chronic diseases are associated with decreasing body weight, which may indirectly decrease, and therefore, undervalue the RR of higher BMI levels. Conversely, obesity might provide energy stores during periods of stress such as diseases or trauma. 60, 61 Findings might also be influenced by a ceiling effect due to the higher absolute mortality of older adults.
Gender
Our meta-regression analysis, using gender-specific classifications for WC and WHR, detected no statistically significant gender difference in the associations of any AP with mortality. But as only 9 16, 19, 24, 26, 27, 41, 43, 44, 46, 48 of 18 studies were eligible for metaregression analyses, these results should be treated with caution. In qualitative analyses, two studies ineligible for meta-regression analyses, but analysing APs as continuous variables, reported gender differences. 10, 25 To our knowledge, this is the first review investigating this topic.
Smoking
Smoking is associated with higher mortality 57, 62 and a lower BMI, 63 but also with higher WC and WHR. 62, [64] [65] [66] [67] Our review, therefore, investigated the impact of smoking on the AP-mortality relationship. However, heterogeneous study results and the small number of stratified studies make interpretation difficult. Our analyses showed that three 16, 24, 47 of five 16, 24, 41, 42, 47 cohorts found the highest relative mortality risk for smokers in the lowest BMI category. One explanation for this higher mortality risk among persons with a low BMI is reverse causation by the higher prevalence of chronic diseases in smokers. 68 Interestingly, all three studies 16, 23, 45 that showed an increased mortality risk for low BMI in smokers excluded the first years of follow-up to minimize confounding by underlying illnesses.
Interpretation of APs
Our review demonstrated that BMI shows either negative or insignificant association at the 5% level with all-cause mortality, after adjustment for WC. 12, 19, 48 However, when adjusted for BMI, WC and WHR showed stronger positive and independent associations with all-cause mortality than in analyses that did not control for BMI. 12, 16, 44, 45 This may be because WC is a good measure of visceral fat mass 69, 70 and is closely related to adverse metabolic profiles and resulting diseases, 13-15 whereas BMI does not reflect body fat distribution. Studies in this review showed high correlations between BMI and WC, 12, 26 whereas WHR correlated less well with BMI. 16 However, WHR, representing visceral fat and gluteal muscle, may provide additional information regarding regional fat distribution. The WHtR appeared to be an attractive alternative to WHR, providing a correction for body frame size by using height, which is more commonly and more conveniently measured than hip circumference. Our review supports the relevance of WHtR as a mortality predictor, although few prospective studies have examined this variable. Ratio measures, such as WHR and WHtR, have been criticized for their potential for complex biological interpretations 71 and poor test-retest reliability 72 and because successful weight loss interventions commonly reduce both the numerator and denominator, resulting in no observed change in the ratio. 73 Recently, a Swedish cohort showed a new AP, waistto-hip-to-height-ratio, to be a better mortality predictor than BMI, WHR, WC and WHtR. 74 This promising measure should be investigated in further analyses.
Strengths
Our review has several strengths. Systematic reviews that have analysed obesity and its associations with mortality are often limited to patients with specific diseases. 75, 76 Because we chose a systematic search strategy and analysed population-based cohort studies, our results could be generalizable to a broader patient population. By analysing combined associations of both general and abdominal AP with all-cause mortality, this systematic review extends current literature and may help to identify body distribution types at risk. Furthermore, it gives arguments for assessing two AP for mortality risk assessment in spite of limited time and economic resources.
Limitations
The included studies and their results were heterogeneous, which limits our ability to generalize our results. The heterogeneity between studies resulted from differing categorization of APs, heterogeneous choice of reference categories and the variety of statistical analyses, including different variables adjusting relative mortality risk and may lead to different study results in the literature. Some confirmed confounders of the obesity-mortality relationship, such as cigarette smoking 25, 27, 40, 48 and alcohol use, 25, 27, 40, 45, 46 were not adjusted for in all studies. Adjustment for physical activity and possible mediators of obesity effects such as diabetes, hypertension and high cholesterol; may result in overadjustment. 77 Only eight studies performed sensitivity analyses excluding deaths during the first years of follow-up to control for the effects of severe or terminal illnesses that may present with low body weight. 10, 16, 19, 24, 26, 27, 46, 47 However, our sensitivity analyses addressing physical activity, drinking, obesity mediators and exclusion of early years of follow-up did not change the results significantly. The high collinearity between APs may have caused mutual adjustment in the combined analyses.
The literature search was performed for publications until 7 May 2010 and studies since then could not be included in the systematic review. In order to address this issue, we compared our findings with a recent meta-analysis of British cohort studies by Czernichow et al. and with a recent systematic review by Donini et al. for the obesity-mortality association in older persons (465 years) as described above. 17, 59 Patterns of association between AP and total mortality shown by Czernichow et al. were similar to our results. The results by Donini et al. confirmed the complexity of AP-mortality associations in older persons and we agree that agespecific categories should be examined in further studies.
Although our study could not provide a pooled analysis of individual patient data, we were able to perform a metaregression analysis with nine eligible studies. Given the small number of studies in our stratified qualitative and meta-regression analyses, further research is needed to evaluate our results. We could not address changes in weight or body shape as only baseline measurements were taken into account by the studies included.
There is an ongoing discussion whether the kind of measurement of the abdominal AP influences the association with morbidity and mortality and whether this can be accurately measured in clinical practice. 78 Indeed, assessment of the AP differed between the studies: either self-reported 19, 27, 41, 44 or measured. 10, 12, 16, 24, 25, 40, 42, 43, 45, [47] [48] [49] However, validation studies showed a high correlation between self-reported and measured AP. 79, 80 A systematic review revealed that the measurement protocol had no substantial influence on the association between WC and mortality. 81 We restricted our review to the Caucasian population. Because there may be ethnic differences in the associations between AP and obesity, 30, 32, 82 our results should not be generalized to other ethnicities. Conversely, controlling for this variable increases the power of our results by eliminating some potentially confounding effects. Addressing mortality-associated risk of BMI, WC and WHtR in ethnic minority populations would be an interesting future research topic.
CONCLUSION
None of the examined individual obesity measures was shown to be clearly superior to the others in mortality prediction. However, all included studies investigating WHR and WHtR showed positive associations with all-cause mortality, whereas studies analysing BMI and WC as categorical variables were more heterogeneous and predominantly U-or J-shaped (Figure 2 of our metaregression). Mortality prediction may be improved by combining BMI and an abdominal obesity measure such as WHR or WC. Participants in the lowest BMI quintile having a moderate-to-large WC or WHR had the highest relative mortality risk. WHR is less correlated with BMI than WC is and study results were less heterogeneous for its associations with all-cause mortality. In our meta-regression analysis, older age (X65 years old) compared with younger age (o65 years old) was associated with a lower relative mortality risk for high WHR and WC, but not high BMI.
Further investigations are required to examine the combined relationships of APs representing general and abdominal obesity, with all-cause mortality. These should use standardized AP categories. Meta-analyses of individual data such as The Pooling Project of Prospective Studies of Diet and Cancer 83 will further clarify associations and help to inform clinical practice.
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